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SYNOPSIS

This ~eport presents a system for syntactic anal;sis

in the context of a computer system for the understanding

of spontaneously spoken English.

When people speak, they make certain assumptions
about the ability of their listener to understand them.
Human listeners are very good at understanding even very
noisy, incomplete, and ambiguous speech when it is
presented in a2 context which allows the listener to draw
on his knowledge of the topic under discussion, general
knowlaedge of the world, knowledge of the speaker and of
the previous dialogue, and other non-acoustic information.
Presuriably because of this assumed capability, speakers do
not produce an acoustic signal which carries enough
information to be decoded into unique phonemes or words on

the basis of acoustic information alone.

This implies that no matter how good the acoustic
processor of a speech understanding system is, it will not
bhe able to uniquely identify all the words of the
utterance, and some other processors will be required to

use non-acoustic knowledge, such as syntax and semantics,

to fill in and disambiguate the utterance. This report is

ii
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concerned with the role of syntax is such a process.

A syntactic processor for speech must be constructed
quite differently from one for text input. Given %Zhat the
words produced from the acoustic information may not be
unique, adjacent, or all correct, we will argue that
strict left to right. processing is precluded. The
syntactic processor must be able to predict words or
syntactic classes which may fill the gaps in the
utterance. It must also identify syntactic structures
which may be formed from the partial information which is

available.

The syntactic analysis <system presented in this
thesis 1is romposed of two parts, a grammar ard a rarser.
The parser uses the grammar to process a partial utterance

and to make predictions about missing words.

The grammar for the system is written in a
modification of the Augmented Transition Network (ATN)
formalism developed by Woods [91-93]. The grammar itself
began as a modified subset of the previously existing ATN
grammar for the LUNAR text question-answering system [97]
but has been expanded to include constructions not
accepted by the LUNAR grammar such as dates and compound
number expressions. The expressive power of the modified

ATN formalism is well beyond the finite state, context
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free, or augmented ~ontext free grammars used by other

-

current speech understanding systems (see Chapter Two for

a review of such systems).

The parser for the system is completely different in
bt design from Woods  parser and is the primary contribution
of thic work. It uses a judicious mixture of top down,
bottom up, depth first, and breadth first parsing
strategies to take advantage of local information which is
available in the input without being drawn into long,
erroneous paths which must later be abandoned. It also

saves all the information gained while following

alternative parsing paths so that any two (cr more) parse
paths which have a common portion can share the common

part without reparsing it. This is true even if the parse

paths split before and/or after the common section, and
ever if the common section analyzes only part of a

complete syntactic constituent.

One of the most severe problems faced by a speech
parser 1is the combinatorial explosion of partial parse
paths resulting from input in which not all the words in
the sentence are available. This system controls the
explosion by several methods: the use of a
vell-formed-substring table to store constituents which
have been parsed so that they never need to be

re-processed, merging of partial parse paths, attempting

!
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to ex'end only the best (i.e. most likely) parse paths,
building a data base of parse paths which can be shared
from one .nvocation of the parser to the next, and using
other sources of information such as semantics wherever

possible to help identify most likely paths.

Chapter One describes the nature of speech and the
speech understanding process, concluding with a
description of the input, output, and processing
characteristics which a speech parser must have. Chapter
Two reviews several methods for parsing formal languages
and English text, and surveys current work in speech
understanding with particular emphasis on syntactic

capability.

In Chapter Three we detail the ATN grammar formalism
and the modifications which have been made to it, and
describe the index into the grammar which provides
information needed for some right to left processing and
for making predictions. A small sample grammar is also

given.

Chapter Four gives an overview of the operation of
the speech parser, with illustrations, and Chaptzr Five
presents more details of the process, particularly the

scoring mechanisms. Annotated examples of the system in

operation are given in Chapter Six. Chapter Seven

il




Report No. 3116 Bolt Beranck and Newman Inc.

evaluates the work and suggests extensions and areas of

interest for further research.

The appendices present in detail two grammars used by
the system and give the vocabulary currently in use, with

a breakdown by syntactic categories and features.
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Chapter 1

Introduction

1.1 OVERVIEW

Understanding speech is an extremely complex process
which requires the use of many types of knowledge, one of
which is syntax, This thesis presents a system called
SPARSER which is designed to provide and use the syntactic
knowledge necessary to support an artificial speech

understanding system.

The remainder of this chapter discusses the nature of
the problem and presents the assumptions about other
components of the system which will necessarily interact
with syntax. Chapter Two discusses various parsing
strategies used for formal languages and text

undzrstanding systems, and surveys previous and current

work in the area of speech understanding. Chapter Three

describes the grammar, and Chapter Four presents SPARSER,
a specch parser. Chapter Five details the operation of
the system, and Chapter Six gives sample results and

Statisties. The final chapter discusses the strengths and
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weaknesses of SPARSER and indicates directions for further

research.

1.2 THE NATURE OF SPEECH

There are many types of speech. Words may be spoken
in isolation, with 1long pauses between them. Sentences
may be read, usually with strong inflections. Natural,
spontaneous speech where the words are spoken together
without many pauses may fall anywhere on a continuum from
very formal, slow, grammatical speech to very informal.
rapid, wungrammatical, conversational speech. We will
assume for the remaincder of this thesis that unless
explicitly stated otherwise "speech" means grammatical
speech spoken at a moderate rate with natural inflections
and pauses, spontaneously produced but similar to the type

of speech produced by reading text.

It is a well documented fact [17, 34, 35, 57] that
there 1is not enough information in the speech signal to
uniquely identify the phonemes or words in a normally
spoken utterance. This is not due just to the occurrence
of homonyris, but to a large number of other factors. Even

in speech produced =zt & normal rate of speed, word and




Report No. 3116 Bolt Beranek and Newman Inc. -

sentence boundaries are usually obscured (as in "team
eating", "team meeting”, "tea meeting”), the pronunciation
of phonemes is influenced by the surrounding context,
phonemes are inserted, deleted, or altered (e.z. "give
me" becomes "gimme"), and there is often very iittle
acoustic difference between sounds whic'. are quite

different in the ideal phonetic representrcion,

Besides the ambiguity and erro: inherent in the
acoustic signal, we may safely assume tha* the acoustic
processing component of any ~rtificial speech
understanding system will introduce additicnal errors and
ambiguity because of the uncertainty in the process of
segmenting continuous spzech into wunits (phonemes,
transemes [20], APEL’s [89], syllables, words, etc.) and

in the identification of those units.

Much of the current knowledge of acoustic-phonetics
(which relates acoustic properties of the speech signal to
the phonemes which underlie them) consists of rules which
are generaive in nature, not analytic. 1In addition, it is
usually not possible to uniquely identify a portion of
acoustically processed data as a single phoneme; instead,

classification into sets of possible phonemes is all that

can be done (see, for example, Schwartz and Makhoul [75]).

g TrnT .-
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For example, it may be possible to determine that a given
segment is a nasal without being able to say whether it is
an /m/ or an /n/. If such a segment were followed by a
segment which could only be classified as a front vowel,
and that were in turn followed by an unvoiced stop (either
/t/, /k/, or /p/), a schwa, and an /1/, the the word
represented by that segmentation and 1labeling could be
either "metal" or "nickel". Determining the segment
boundaries themselves is not easy, since a sound like /1/
may appear t~o be the sequence /d8/ /1/ and vice versa. The
recognition of small function words such as "the", g™,
"of", "have", "did", etc, is particularly difficult
because there 1is frequently no more than the very
slightest acoustic cue to their presence, and such a cue
may not be sufficitent to determine the identity of the

word.

Lexical retrieval and word matching, the process of
scanning an acoustically processed utterance to determine
(with the help of a dictionary) what words seem to be
there is a non-trivial task which has been discussed in
detail elsewhere (42, 71]. Basically, the process of
comparing the ideal phonemic representation of a word
against a portion of the output of an acoustic processor

results in (at least) a score which indicates how well the

-
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expected pronunciation matches the acousties.

Because of the errors produced by segmentation and
labeling, we cannot assume that the correct words will
always score best or even high. Special matching rules
which attempt to compensate for particularly poor acoustic
information at the beginning or end of an utterance may
result in matching such phonetically diverse words as
"did", "give", and "been" in the same portion of the

utterance while missinyy the correct word "have'.

The lexical retrieval process could return the result
of matching every word in the system’s vocabulary at every
point in the utterance but this time-consuming process
would produce a vast amount of information, most of it
useless. Clearly a better approach would be to limit the
number of words returned by discarding all those which
score below some given threshold. If the threshold is set
too low, a great many spurious words will be found, and
there is no guarantee (unless the threshold is zero) that
all the correct words will be found in their proper

places. The higher the threshold is set, the fewer words

(both correct and incorrect) will be found. The optimal

threshold will achieve a balance between accuracy and

precision. It should not be necessary to retrieve all the
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: correct words, as 1long as those which are found are

sufficient to suggest those which are missing.

Preliminary results of the BBN speech understanding
system (reported by Woods in [94]) indicated that the
ratio of correct to incorrect words found can be expected
to be range between 1:20 and 1:50, with about 55-60% of

the actual words found. More recent results using a

different word matching scheme on acoustic data which was
segmented and labeled by hand rather than by machine [41]
show that this ratio can be lowered to about 1:3 with 63%
of the words found if that level of acoustic segmentation

can be reached automatically.

We conclude that acoustic and lexical processing of a
spoken utterance will result in the discovery of a number
of likely word candidates at many places in the utterance.
Most of these words will be spurious. This is illustrated
in Figure 1.1 by a structure called a word lattice which
shows schematically that many words may initially appear
to be present in a simple utterance. In this
representation the numbers along the horizontal scale are

segment boundary points in the utterance which roughly

correspond to points in time (but not exactly, since two

or more boundary po.nts may be used for the same instant
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in time in order to prohibit phonologically incompatible

segments from appearing to be juxtaposed).

This word lattice was produced by the lexical
retrieval component of the BBN speech understanding system
from an utterance which had been segmented and labeled by
hand under conditions designed to simulate the performance

of an automatic segmenter and labeler.

0 5 10 15 20 25 30 35
[ [ i Tl [ O =L = ol R e e RS i L i s
ten people |ord glass | sample Is] [ with | mognetite ]
| _been | moon lead | been
diu mode not did
give lunor | somple ] ond
we greoter does done
give deoling dash did
ore metol percent ] done
ord  nickel | tess | hod |
ony |
anyone 1
ond |
greoter
deoling
metol
nickel
Figure 1.1

A Word Lattice

Sentence: Give me all glass samples with magnetite.
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1.3 THE NATURE OF THE SPEECH UNDERSTANDING PROCESS

We do not attempt here to say that the way a
particular artificial system works implies something about
the way that people understand language. Nor 1is there
enough known about the way peosle understand language to
say that SPARSER is modeled after the human process,
However, human beings have been engaged for millions of

years in the process of oral communication and presumably

have gradually optimized themselves for the task (or

perhaps have optimized the task to suit themselves). It
is reasonable to suppose that any effective speech
understanding system would have some features in common
with the way people process speech., We shall therefore
Justify some of our assumptions concerning the nature of
the task and the relation of the syntactic component to
the rest of the system by reference to human behavior,

without, however, claiming any further similarity.

When people speak naturally and infcrmally they
frequently make grammatical mistakes, yet they are easily
unierstood. This would indicate that a syntax-driven
system for speech understanding (which would accept only
input meeting rigid syntactic requirements) might tLe

adequate for a limited application, but would not be
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extendible to more natural, conversational speech. Since
a number of word candidates are 1likely to be found
throughout the utterance, it may ve fruitful to be able to
select a subset of them on semantic, pragmatic, or
prosodic grounds as well as syntactic, depending on which
cues seem most robust. A system in which syntax w's one
of a number of equally important comoponents contributing
Lo the understanding of a sentence wculd be more flexible

than one which was totally or primarily syntax driven.

People use extensive knowledge in order to comprehend
spoken utterances and it is now generally accepted *hat
any successful speech understanding system must also use a
number of knowledge sources in combination [22, 57]. It
is not enough to follow the paradigm of '"segment the
acoustic signal into phonemes, then identify the phonemes
and words, then parse the sentence, then interpret the
structure." Acoustics alone cannot be depended upon to
provide a unique (or even only slightly ambiguous)
segmentation of the input stream into words. Also, all
the words in the wutterance will not necessarily be

discovered by acoustic informatica alone.

P TE
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Why, in particular, is syntax needed to wunderstand
speech? Clearly, it is the grammatical structure of "John
hit Bob" which differentiates its meaning .rom that of
"Bob hit John"™ or "John was hit by Bob"™. Similarly,
consider the syntactic case difference between "he" and
"him" in "The man who knew him was going left" ard "The
man who knew he was going left," [3] where the case of the
pronoun immeciately signals whether it is simply the
object of "knew' or the subject of an embedded complement,
Working from the premise that one is more likely to make a
grammatical statement than an ungrammatical one, 1in a
situation of lexical ambiguity one may use syntactic
consistency to decide between "the cat sin the tree" and

the cat’s in the tree". And finally, the existence of
two or more syntactic structures indicates ambiguous
sentences or constituents such as "He gave her cat food"
and "the boy with the cat in the tree"™ (who 1is in the
tree?). It may be necessary for some syntactic structure
to be built for these ambigucus strings in order for some
other knowledge source to choose between them. If the
syntactic ambiguity cannot be resolved, it means that the
utterance is truly ambiguous, in which case the system
should perhaps ask for clarification in the same way that

a human listener would do.

< fi0=
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Syntactic consistency should not be the only factor
in determining the utterance however, since it is possible
(even 1likely) to be able to find a syntactically
consistent interpretation of the utterance which is wrong.
Because there will be many possibie words for many
portions of the utterance, there would be too many
syntactically correct but nreaningless combinations of
words to Justify requirins a complete parse of the input
befcre any semantic processing is done. In order to
obtain a word lattice complete erough to parse (i.e. with
at least all the content words present) curr ent experience
indicates that about 80 words would have to be considered
for an average 7 word sentence [41]. Even in the much
smaller word 1lattice of Figure 1.1 it can be seen that

there are numerous short sequences which are syntactically

but not semantically valid (e.g. "Ten people are glass
samples with magnetite", "glass samples give magnetite",
"lunar samples give magnetite”, "samples give lead",

"people are percent", etc.).

-11-
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1.4 THE NATURE OF THE SYNTACTIC COMPONENT

As a consequence of the nature of speech and speech
understanding, the syntactic component of a speech
understanding system must deal with input of a different
nature than text parsers and must have different

operational characteristics as well.

1.4.1 The Input

The input to a parser for speech cannot be a string
of uniquely determined words but must be something like a
lattice of words (see Figure 1.1). When the parser wants
the '"next word" of the input it must be able to deal with
a list of possible words and must be prepared to cope with
the possibility that the correct word is not included in
that list. It may also be the case that one or more words
that the parser has accepted are wrong. Frequently no
usable word can be found at one or more places in the
utterance, so the barser must also be able to deal with
gaps in its input, for example by predicting one or more
words which would be syntactically consistent with the

current interpretation of the utterance,

-12-
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When processing text, a parser can reasonably take
advantage of a number of typographic indicators such as
punctuation marks (a period to delimit a sentence, commas
to disambiguate czrtain complex conjunction construstions,
etc.), capitalization (to indicate the start of a sentence

or to distinguish proper nouns such as "Pat" from other

words such as the noun or verb "pat"), italics,
underlining, quotation marks, and parentheses. (To
illustrate the importance of these factors to
comprehension, consider the unpunctuated string: "that

which is is that which is not is not is not that so" which
if correctly punctuated 1is a grammatically correct
sequence of sentences [3].) All of these cues are missing
in speech. They are compensated for by the use of pauses,
stress, changes in duration, pitch, and loudness, and

other prosodic features.

Unfortunately the current lack of knowledge about the
acoustic correlates of prosodic features makes it almost
impossible to use this rich source of information in
speech understanding systems. Current speech parsers must
cope with the increased ambiguity resulting from this lack
of information, and if designed with foresight, should be
easily extendible to use prosodic information when it

becomes available. Section 7.2 discusses the issue of

s13=
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prosodies in more detail.

1.4.2 The Qutput

In most systems which work with natural language the
purpose of the parser is to provide a representation of
the cyntactic units of the input and their relationsnhips
to one anothker. This representation is freq-'ently a '"deep
structure" tree which may then undergo semantic analysis
or interpretation. The creation of a self-contained
syntactic structure is not absolutely mandatory if enough
semantic and interpretive processing is done together with
the parsing, but in any case the syntactic component must
be able to confirm that the input 1is grammatically
correct, to detect ambiguities, and to identify syntactic
relationships between syntactic groupings of words. We

will assume that some structure for it is also produced.

A parser for speech, however, must do more than this,.
It must aid in selecting a syntactically well-formed
sequence of words from the many sequences of words which

are possible in the word lattice. It must be able to ask

questions of and 21swer questions from other knowledge

sources. For example, upon discovering that a certain

sequence of words can be a complete constituent such as a
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noun phrase, it may ask for semantic analysis to determine
whether the constituent is meaningful. On the other hand,
semantics may have already made a supposition about the
relationship between two words and the syntactic componerit
may have to determine whether or not that relationship is
borne out by the syntactic structure. For example, if the
words "analysis" and "iron" are found in the utterance
with a small gap between them, a good semantic hypothesis
would be that this portion of the sentence is ééout an
analysis of :omething to see if it contains iron. If

after the gap between the words is somehow filled, the

semantic hypothesis is boerne out: if it produces

syntactic component parses "analysis for iron" the !
"analysis in iron", it is not. }
|

Text parsers are usually designed on the assumption
that the words given as input will form a grammatical i
sentence, so the duty of the parser is merely to determine |
the structure(s) of the sentence. A speech parser, i
however, must know that some (in fact, many) of its
potential 1input sequences will be unerammatical, not
because the original utterance was ungrammatical but
because some combinations of words which appear to be
recognized from the acoustic signal are in~orrect. The

speech parser should be able to detect and re ject those

-15- ;
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sequences as early as possible.

Another goal of any speech parser must be to predict
words or syntactic categories which could fill gaps in the
word lattice. The tywe and correctness of the predictions
which can be made depend on the nature of the grammar
being used and the amount of context which is taken into

account when making the predictions.

1.4.3 The Processing

Due to the 1lexical uncertainty inherent in any
acoustic analysis and the fact that important words may
not be retrievable by acoustics alone, it cannot be
assumed that syntactic processing can process strictly
left to right (or right to left) through the utterance.
Long content words are more reliably identified by
acoustics and more easily verified by semantics or
pragmatics than short words or function words or words
which are garbled at the beginning or end of the
utterance. Peculiar phonological behavior occurs at the
beginning and the end of an utterance, as a result of the
speaker "tooling wup" to speak or "tailing off"., This

makes those portions of the utterance particularly

vulnerable to error in lexical recognition. The usually

-16-
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a good advice: "Begin at the beginning and go on till you

come to the end: then stop." [13, p.158] does not apply
I to speech understanding. Thus syntactic processing must
begin with whatever reliable anchor points can be found

bl and work "middle out" to fill in the gaps.

J | The control structure of a speech parser must be a

combination of the conventional top down and bottom up
l- approaches: top down in order to make predictions and
F bottom wup 1in order to minimize errors propagated by
dependcnce on incorrect context. (This issue is discussed
3 { in further detail 1in Chapters Two and Five and in Woods

, [95].)

If a complete, connected sequence of words could be

I Ll given to a parser, the number of syntactic alternatives

which must be considered is limited by the fact that the

et surrounding context (particularly the 1left context, if

processing is left to right) limits the number of ways in

which an element can be considered. If there is no

surrounding context, the possibilities increase. For

example, consider the sequence "man eating" which can be

part of a number of different constructions:
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A man-eating shark.
A man eating an omelet.
A snow man, eating utensils, and several frogs.

In the sky I saw a cloud man, eating lunch on a hill.

If all syntactic possibilities were considered for
every small bit of the possible utterance, the resulting
combinatorial explosion would preclude obtaining the
correct analysis in any reasonable time. Thus the
syntactic component must limit the number of syntactie
alternatives generated, or at least appropriately factor
them or treat them implicitly rather than explicitly, and

it must develop the correct alternatives early.

The body of this thesis presents a syntactic system

which has the above-mentioned characteristics.
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Chapter 2

.
l, Review of Parsing Methods and Systems
ia

i' 2.1 INTRODUCTION
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